Abstract-Clinical interventions to restore standing or stepping by using nerve cuff stimulation require a detailed knowledge of femoral nerve neuroanatomy. We harvested eight femoral nerves with all distal branches and characterized the branching patterns and diameters. The fascicular representation of each distal nerve was identified and traced proximally to create fascicle maps of the compound femoral nerve in four cadaver specimens. Distal nerves were consistently represented as individual fascicles or distinct groups of fascicles in the compound femoral nerve. Branch-free length of the compound femoral nerve was 1.50 +/-0.47 cm (mean +/-standard deviation). Compound femoral nerve cross sections were noncircular with major and minor diameters of 10.50 +/-1.52 mm and 2.30 +/-0.63 mm, respectively. In vivo intraoperative measurements in six subjects were consistent with cadaver results. Selective stimulation of individual muscles innervated by the femoral nerve may therefore be possible with a single neural prosthesis able to selectively stimulate individual groups of fascicles.
INTRODUCTION
Muscles innervated by the femoral nerve are prime movers for leg extension at the knee joint and thigh flexion and critical for standing and stepping function. Therefore, effective clinical interventions to restore or improve standing or walking after paralysis resulting from upper motor neuron damage secondary to spinal cord injury (SCI), or peripheral nerve damage due to trauma, require a detailed knowledge of the morphology and fascicular anatomy of the femoral nerve. However, the fascicular anatomy and specific dimensions of the human femoral nerve have not been fully described and must be quantitatively documented.
The femoral nerve originates from the second, third, and fourth lumbar spinal nerves and innervates the anterior thigh muscles, hip and knee joints, and skin on the anteromedial thigh [1] . We define the compound femoral nerve as the femoral nerve section between the inguinal ligament and the first branching point in the thigh. The three vasti muscles are important for standing function; they extend the leg at the knee joint without flexing the thigh, which would be detrimental to a stable upright posture. Vastus lateralis and vastus intermedius are the strongest of the three muscles; therefore, they are commonly targeted by neural prostheses that employ functional electrical stimulation (FES) for standing after SCI [2] [3] [4] . The vastus medialis muscle is important for locking the knee in terminal extension and preventing the patellar drift and lateral subluxation that could possibly be caused by the pull of the vastus lateralis. Although the biarticulate rectus femoris and sartorius muscles are critically important during the sit-to-stand transition and during stepping and walking [5] [6] , they have undesirable actions for standing [4, 7] , such as thigh flexion. The sartorius also flexes the leg at the knee joint and medially rotates the leg. The pectineus muscle generates low forces easily counteracted by other thigh muscles, and the saphenous and medial cutaneous sensory nerves are unessential to standing.
Currently available neural prostheses for standing and stepping after SCI use muscle-based, rather than nervebased, electrodes. Surgically implanted FES systems employing epimysial electrodes sutured to the muscle at the nerve entry point [8] [9] and/or intramuscular electrodes inserted into the muscle belly near its innervating neural structure [10] have been successful in restoring hand grasp to individuals with midcervical tetraplegia [11] [12] ; exercise, standing, and transfer ability to individuals with thoracic or low cervical-level lesions [2, [13] [14] [15] ; and shortdistance stepping for individuals with thoracic paraplegia [5] [6] . In spite of these successes, placement of a nerve cuff electrode on the compound femoral nerve or its distal branches would address several significant limitations of currently available muscle-based stimulation technologies. Epimysial and intramuscular electrodes rarely recruit all the motor units in a paralyzed muscle, especially in large lower-limb muscles with complex innervation patterns, leading to limited standing durations or insufficient stimulated joint moments to support taller and heavier implant recipients. For complete recruitment using muscle-based electrodes, multiple electrodes must be placed within the muscle belly, which is surgically time consuming and can be difficult to implement [16] . Nerve cuff electrodes can completely activate the motor neurons they encompass and produce contractions closer to the maximal capacity than muscle-based designs.
Distal nerves may be represented as distinct fascicles or groups of fascicles in proximal compound peripheral nerves. A fascicle map of a compound nerve relates each fascicle to the distal nerve branch with which it exits and, therefore, to the distal muscles or organs innervated by that distal nerve branch (Figure 1) . Available techniques allow us to selectively electrically stimulate individual fascicles or areas within a compound nerve [17] [18] [19] .
Therefore, if distinct fascicles or groups of fascicles represent the distal nerves of the compound femoral nerve, we may possibly control distal muscles at a proximal site using a single multicontact nerve cuff electrode. A single nerve cuff electrode able to selectively recruit multiple heads of the vasti muscles simultaneously would improve neuroprosthesis performance by extending standing time and eliminating the need for multiple implants.
Our objectives for this project were to determine (1) the branching patterns, branch-free lengths, and nerve diameters of the branches of the human femoral nerve; and (2) the fascicular representation of distal nerve branches at the level of the compound femoral nerve. We require accurate nerve anatomy representations to develop accurate computer models to evaluate and optimize potential stimulating nerve cuff electrode designs for standing and stepping after SCI [20] . Nerve morphology (diameters and branch freelengths) provides important design parameters for constructing nerve cuff electrodes to avoid mechanical trauma and maximize stimulation efficiency [21] [22] . Furthermore, this knowledge is critical for defining surgical approaches to the nerve, identifying the most practical and desirable locations for nerve cuff electrodes, and developing implementation strategies for advanced implanted neural prostheses. Finally, we require the fascicular structure of the compound femoral nerve and the relationship of individual fascicles to distal nerve branches and terminal muscles to determine the electrode specifications and initial feasibility of selectively activating individual fascicles within the compound nerve with a single proximally located nerve cuff electrode. Computer models using the data from this study have demonstrated that selective stimulation of the human femoral nerve is feasible using nerve cuff electrodes [23] .
METHODS

Anatomy and Morphology
We harvested and dissected eight femoral nerves and all distal branches from each leg of four female formalinfixed cadavers, ranging in age from 87 to 99 years (mean = 91). We measured the distance from the anterior superior iliac spine (ASIS) to the pubic symphysis bilaterally on each cadaver as an anatomical landmark. We located the femoral nerve through transverse incisions from the ASIS to the pubic symphysis and incisions originating from the midpoint between the ASIS and the pubic symphysis extending longitudinally to the patella. We chose the inguinal ligament as a proximal limitation for surgical dissection of the femoral nerve in the thigh.
We traced and dissected all femoral nerve branches to the insertion points. We also traced sensory branches (saphenous and medial cutaneous nerves) for completeness. We isolated nerve branches from superficial to deep to minimize damage to the nerves. As we isolated a nerve muscle entry point, we detached the muscle from its tendons and reflected it. We repeated this until we exposed all femoral nerve branches. We carefully tagged each main nerve branch with a suture to maintain orientation and identification during the dissection process.
We examined and characterized the branching patterns of all eight femoral nerves by the order of branching, both medial to lateral and proximal to distal. We measured the circumference and branch-free length of the femoral nerve and each of the branches in all eight specimens during extraction. We determined distal circumferences by measuring the length of a suture passed around the nerve just distal to branching off the compound femoral nerve; we tabulated branch-free lengths as the linear distances between branch points. Because cross sections were not circular, we used calipers to measure the major and minor axes of four femoral nerves just proximal to the first branching point and distal to the inguinal ligament. We measured the major and minor axes of the other four femoral nerves after histological processing. We calculated effective diameters for all nerves from the circumferences assuming a circular cross section. We took digital photographs of each nerve with its branches still attached to the muscles before we detached the nerve and extracted it. We took additional pictures and made hand drawings after we removed the nerve from the body. We stored all nerves in 10 percent buffered formalin solution for preservation.
In Vivo Human Measurements
We determined the cross-sectional dimensions of the compound femoral nerve just distal to the inguinal ligament in six subjects. All subjects were male, mean ± standard . We traced distal nerve branches of femoral nerve proximally to compound femoral nerve. Nerve cross sections are shown ventral side up. A = nerve just proximal to branching, B = nerve branch to sartorius muscle, C = nerve just distal to sartorius nerve branching and just proximal to pectineus nerve branching, D = nerve branch to pectineus muscle, E = nerve just distal to pectineus nerve branching and just proximal to medial cutaneous/saphenous nerve branching, F = nerve to medial cutaneous and saphenous nerves, G = nerve branch to vastus medialis muscle, H = nerve branch to vastus intermedius muscle, I = nerve to vastus lateralis and rectus femoris muscles, J = nerve branch to vastus lateralis muscle, K = nerve branch to rectus femoris muscle. deviation (SD) 62.20 ± 5.56 years (range 51-66). We received approval for nerve exposures in subjects undergoing elective vascular surgery from the Institutional Review Board of the Louis Stokes Cleveland Department of Veterans Affairs Medical Center. Subjects underwent standard longitudinal groin incisions to expose the common femoral artery for bypass. Concurrently, we dissected the femoral nerve at that level. We exposed the nerve and then determined the dimensions. We also measured nerve widths using surgical photographs.
Fascicular Anatomy
We sectioned four cadaver femoral nerves to trace the course of distal fascicles through the nerve to the proximal compound femoral nerve. We took 5 mm-long transverse sections at locations just proximal and distal to all branching points and took consecutive sections proximally at 5 mm intervals along the femoral nerve to the inguinal ligament. We marked sections with histopathology tissue dyes to identify and verify the orientation of each section during processing. We embedded nerve samples in paraffin and took cross sections of 5 µm thickness, mounted them on slides, and stained them using hematoxylin and eosin. We made digital images of each cross section through a microscope at 5× to 10× and compiled and analyzed them using Canvas 8.0 (ACD Systems; Victoria, Canada). We created complete fascicle maps from the digital images of successive sections, beginning with the terminal branches of the nerve and continuing proximally to the inguinal ligament in four cadaver specimens. We recorded the fascicle count for all sections proximal to branching, as well as for all terminal branches.
We determined the effective diameter of each individual fascicle just proximal to the first branching point in the four fully mapped specimens. We analyzed the digitized image of the nerve section using ImageJ (National Institutes of Health; Bethesda, Maryland). We manually outlined each fascicle in ImageJ and used the software to calculate the fascicular cross-sectional area. We assumed a circular approximation for all fascicles and calculated the effective diameter (D eff ) of each fascicle as 2 × (Area/) 0.5 .
We present data as mean ± SD. We used the twotailed Student's t-test with significance criteria of 0.05 for comparisons.
RESULTS
Anatomy and Morphology
The mean medial-lateral distance from the ASIS to the pubic symphysis was 14.50 ± 1.34 cm (range 13-16). We found the femoral nerve near the midpoint, 46 ± 5 percent (range 42%-52%) from the ASIS. We did not measure either leg in cadaver specimen 3 since bony landmarks were difficult to palpate because of excessive adipose tissue. The distance from the inguinal ligament to the first branching point of the femoral nerve was 1.50 ± 0.47 cm (range 1-2).
Figure 1(a) shows an example of a harvested femoral nerve. The branching pattern of the femoral nerve remained consistent between specimens. Table 1 shows the branching patterns for all specimens, including the order and medial-lateral location of each branch leaving the femoral nerve. Most branching occurred within a small length of the nerve. Branches to the pectineus muscle, sartorius muscle, and sensory nerves (saphenous and medial cutaneous) branched first and medially in seven out of eight specimens. The sartorius muscle branched laterally in one specimen. In all but one specimen, the branch to the sartorius originated on the ventral surface of the nerve. The vastus medialis, vastus intermedius, and vastus lateralis muscles were centrally located and the rectus femoris muscle was lateral in the branching pattern of all specimens. Table 2 reports branch-free lengths and circumferences of the femoral nerve and branches. All femoral nerves had average branch-free lengths >1.0 cm and effective diameters >5.9 mm. The femoral nerve cross sections were elongated ellipses rather than circles. Femoral nerve width was almost five times the height. Table 3 shows cross-sectional dimensions for each cadaver specimen just proximal to the first branching point. We found no statistical difference in these measurements between the left and right sides or between measurements taken pre-and posttissue processing. Figures 1(b) to 3 show examples of individual nerve cross sections. Table 4 shows the measured width and height and calculated values for the in vivo intraoperative measurements. We found the in vivo heights to be less than those we measured in the cadavers (p < 0.005), resulting in a greater width/height ratio (p < 0.01) than those we observed in the postmortem tissue ( Table 3) . Although the in vivo widths, circumferences, and effective diameters were lower than the postmortem values, these were not significant (p > 0.05).
In Vivo Human Measurements
Fascicular Anatomy
Distinct fascicles or groups of fascicles in each compound femoral nerve represented distal nerve branches of the femoral nerve (sartorius, pectineus, medial cutaneous, saphenous, vastus medialis, vastus intermedius, vastus lateralis, and rectus femoris). Figure 1(b) shows an example of fascicular tracking and fascicle map construction. Fascicles maintained their spatial orientation before and after branching points. We performed successful fascicular tracing in all specimens; we found a tracing resolution (distance between longitudinal sections) of 5 mm to be adequate in almost all sections. Although the fascicular anatomy varied between nerves, the fascicular pattern of the primary targets for standing function (vasti nerves) remained consistent between specimens. Figure 2 compares the fascicular arrangement of the femoral nerve just proximal to branching between all four femoral nerves. We found fascicles from distal nerves innervating vastus medialis, vastus intermedius, and vastus lateralis consistently located on the central, and usually dorsal, portion of the proximal femoral nerve. We always found fascicles from the sensory nerves (saphenous and medial cutaneous) and rectus femoris (lateral) located on the periphery. Although we found fascicles from the sartorius nerve usually left ventrally, they were located in either the lateral, medial, or central portion of the femoral nerve. We found fascicles from the pectineus nerve usually ventrally located but mixed with fascicles from vastus medialis and vastus lateralis nerves in specimen 2 (left side).
The fascicular pattern or spatial relationship between fascicles remained consistent throughout each compound femoral nerve between the first branching point and the inguinal ligament. Figure 3 shows serial sections of a representative femoral nerve at this location. Any point on the compound femoral nerve between the first branching point and the inguinal ligament allows access to fascicles from each distal nerve and is a potential site for nerve cuff electrode placement.
The femoral nerve did not demonstrate a significant amount of fascicular joining from the distal nerve branches to the proximal compound femoral nerve. We did not observe interfascicular plexus formations. Table 5 shows the number of fascicles in the femoral nerve and the first branching point for each distal branch. Although the number of fascicles decreased proximally, we found no statistical difference between the number of fascicles in the femoral nerve and the sum of the number of branches in the distal branches. Figure 4 shows the distribution of individual fascicular diameters from the four fully mapped compound femoral nerves.
DISCUSSION
Anatomy and Morphology
The anatomy and morphology we observed remained consistent with the established literature, suggesting that our chosen specimens did not differ from the standard population and that we may consider the facscicular results representative of the general population.
We always found the major branches involved in standing (vastus medialis, vastus intermedius, and vastus lateralis nerves) centrally located, while we always found the sensory branches and the branches not implicated in standing (saphenous, medial cutaneous, sartorius, and rectus femoris nerves) located in the medial or lateral part of the branching pattern. Furthermore, branches not beneficial for standing often branched off the femoral nerve first ( Table 1) .
The femoral nerve branching patterns we observed in this study generally remained consistent with the literature with a few exceptions. Aizawa reported that the medial cutaneous nerve branches and vastus medialis, vastus intermedius, vastus lateralis, and rectus femoris nerves were arranged medially to laterally, respectively [24] . We also observed this pattern except in two specimens where the sartorius nerve was located between two cutaneous branches. Aizawa found that the nerve branch to the pectineus nerve was the most medial branch of the femoral nerve in the thigh [24] . Our data concur with this; when the branch to the pectineus nerve was present, it was the most medial branch off the femoral nerve in all but one specimen, where it was the second most medial branch to leave the compound femoral nerve after the sartorius nerve. However, Aizawa reported that the branch to the pectineus nerve was the most superficial or anterior portion of the femoral nerve. While we found the branch to the pectineus nerve to generally be located on the superficial or anterior portion of the nerve, the branch to the sartorius nerve was always more superficial than the branch to the pectineus nerve. Aizawa reported that the medial cutaneous nerve branch and the adductor longus branches were the first two branches to leave the femoral nerve in the thigh [24] . However, in our specimens the branch to the medial cutaneous nerve was never more proximal than the second branch, and usually occurred after the branches to the pectineus and sartorius nerves. None of our specimens had branches to adductor longus originating from the femoral nerve. The majority of the literature states that the adductor longus is innervated by the obturator nerve [1] . In addition, we did not identify the pectineus nerves in three specimens or the medial cutaneous nerves in two specimens. The pectineus muscle may have been innervated by the obturator nerve [1] .
Fascicular Anatomy
Distal branches of the femoral nerve are represented as individual fascicles or colocalized groups of fascicles in the compound femoral nerve. The fascicular representation remained consistent with the branching pattern. We found fascicles leading to a distal nerve on the same side of the nerve that the nerve branched from. For example, we found fascicles leading to a medially branching nerve on the medial side of the nerve throughout the entire portion of the nerve from the inguinal ligament to the distal branches (Figure 1) . The fascicular structure of the femoral nerve generally remained consistent between specimens, especially the vasti nerves. Always centrally and usually dorsally, we found the fascicles of the branches leading to muscles implicated in standing (vastus medialis, vastus intermedius, vastus lateralis) located on the femoral nerve (Figure 2) , while we always found fascicles to the sensory branches (saphenous, medial cutaneous) and to branches innervating muscles with actions undesirable to standing (sartorius, rectus femoris) located on the periphery of the nerve. These fascicular patterns, where fascicles desirable for standing are spatially segregated from undesirable fascicles, are conducive to techniques that selectively interface with the femoral nerve.
Although early studies reported difficulties tracing fascicular anatomy along nerves [25] , more recent work has demonstrated that fascicular tracing is possible [26] . Sunderland extensively studied the fascicular anatomy of the radial, medial, and ulnar nerves of the forearm and concluded that none of these nerves have a characteristic fascicular pattern because of the repeated divisions, mergers, and migration of fiber bundles [25] . However, he did report that at distal levels, fibers arranged into separate bundles according to branches. While Jabaley et al.'s studies of the same three nerves confirmed that fascicular plexus formation and interchange occur in the forearm, these interconnections do not preclude operative procedures [26] . Some nerve portions may proceed for considerable distances with no major change in position or composition; functional units and often discrete branches may remain localized in the same quadrants of nerve trunks for considerable distances and therefore may be surgically isolated [26] . We traced the fascicular pattern of the entire femoral nerve from the distal branches to the inguinal ligament using 5 mm sections.
While we are aware of no studies of the fascicular anatomy of the femoral nerve, Aizawa stated that the flow of nerve bundles of the femoral nerve (observed after removing the epineurium) was relatively smooth from the confluent part of the nerve to the branching part of the nerve [24] . We found that the fascicular pattern remained consistent throughout the longest section of the femoral nerve that we examined ( Figure 3) ; therefore, the longest section of the femoral nerve with a constant pattern is a minimum of 15 mm. Sunderland reported the longest section of the radial, medial, and ulnar nerves of the forearm with a constant pattern to be 15 mm [25] . Typically, the longest section with a constant pattern was 0.25 to 5.00 mm, though individual bundles and bundle groups pursued longer courses [25] .
Although we observed a reduction in the number of fascicles between the terminal branches of the femoral nerve and the femoral nerve in the thigh (Table 5) , we did not find this difference statistically significant. This Table 5 . Number of fascicles in distal nerves and section proximal to branching of femoral nerve in cadavers. 2R  24  33  5  2  5  4  2  2  13  2L  26  37  9  0  3  1  5  5  14  4L  53  48  6  2  9  1  2  20  8  1L  28  38  8  2  6  0  4  13  5  Mean ± SD 33 ± 14 39 ± 6 7 ± 2 2 ± 1 6 ± 2 2 ± 2 3 ± 2 10 ± 8 10 ± 4 relatively small difference suggests that the amount of fascicular combining or intrafascicular plexus formation in the femoral nerve is limited at the level we examined. Although Sunderland's early work in the upper limbs reported the existence of interfascicular plexus formation [25] , other studies have demonstrated interfascicular plexus formations may not be as common in the forearm [26] and may not be observed in other peripheral nerves [27] . The average number of fascicles in "the upper part" of the femoral nerve has been reported to be 36 fascicles [28] . Our data showing 33 ± 14 fascicles in the compound femoral nerve just proximal to branching ( Table 5 ) are consistent with this value. The number of fascicles can vary between individuals and sides of the body, and fascicles are more numerous distal than proximal [25] .
Specimen
Clinical Implications
The distinct, consistent fascicular structure and crosssectional geometry of the compound femoral nerve suggest that access to distal nerves at this location is feasible. This creates opportunities to access otherwise surgically challenging nerves and stimulate multiple distal nerves with a single nerve cuff electrode able to selectively stimulate individual fascicles. Nerve morphology and fascicular anatomy data are of value for neurosurgical procedures, such as nerve anastomosis procedures for restoration of function after traumatic injury, similar to the hypoglossalfacial nerve anastomosis that is used to treat peripheral facial nerve palsy [29] . The consistent location of the compound femoral nerve at the midpoint between the ASIS and pubic symphysis allows for precise and repeatable surgical access based on readily defined surface anatomical landmarks.
The anatomy and fascicular structure of the human femoral nerve are conducive to selective stimulation with a multicontact nerve cuff electrode. The nerve diameters and branch-free lengths for the compound femoral nerve and branches ( Table 2 ) are mostly >2.0 mm in diameter and >1.5 cm in branch-free length, which are suitable for effectively applying nerve cuff electrodes. Since fascicles representing muscles beneficial to standing are consistently located in the central dorsal part of the compound femoral nerve, nerve cuff electrodes that selectively stimulate these fascicles may recruit a maximal number of muscle fibers leading to leg extension without thigh or leg flexion from other femoral nerve-innervated muscles inconducive to standing.
We may obtain functional control by stimulation of distal nerve branches that innervate muscles of interest. For example, we could place nonselective electrodes on those nerve-innervating muscles providing knee extension without contraindicated muscles. We may use the presented morphology data to evaluate potential sites and the nerve cuff electrode sizes required. This approach requires additional dissection since the branching patterns can not be precisely determined a priori and few potential sites exist for functional restoration. We have used the data presented here to implant spiral nerve cuff electrodes on the femoral nerve branches in two subjects with SCI to restore standing [30] .
We may also obtain functional control using intraneural dissections at the level of the femoral nerve and intraoperative stimulation to identify target fascicles and undesirable fascicles for stimulation. This approach has been used for spinal root stimulation but, to our knowledge, has not been applied in the periphery. This article provides support for intraneural dissections. The consistency of the fascicular anatomy, the functional organization, and the lack of intrafascicular plexus formation all suggest that if the fascicles could be separated safely, intraneural dissection could be feasible. However, this approach may be surgically challenging, require additional intraoperative time, and result in neural trauma. Furthermore, nerve cuff electrodes able to selectively stimulate individual fascicles within a compound nerve do not require intraneural dissection or a priori knowledge of the fascicular anatomy.
The relatively flat cross-section dimensions (almost 4.8:1.0 width-to-height ratio in female cadavers [ Table 3 ]; and 7.5:1.0 in in vivo male subjects [ Table 4 ]) of the compound femoral nerve have not been previously reported. Although we generally assumed peripheral nerves to have a circular cross section, they are commonly observed intraoperatively as flat, and relatively flat cross-sectional geometries have also been observed for the human pudendal and sciatic nerves (unpublished data from our laboratory) [27] . We could not verify in vivo nerve height measurements with a ruler or surgical pictures; therefore, we may have underestimated the actual height, especially if the center of the nerve is thicker than the ends. Formalin fixation and histological processing may have altered the crosssectional dimensions. However, the width/height ratios we observed in in vivo male subjects were similar to those we observed in female cadavers. Therefore, the relatively flat geometry is consistent.
This relatively flat geometry has a considerable effect on the design of neural prostheses and the ability to interface with the nerve surgically. Rectangular or elliptical nerve cuff electrode designs that promote a flatter nerve cross section may be more suited than traditional cylindrical nerve cuff electrodes for selective femoral nerve stimulation [19, [31] [32] [33] . These designs may preserve the ordered fascicular structure and facilitate the selective activation of functionally and anatomically distinct fascicles within the compound nerve [17] [18] [19] . Indeed, modeling simulations using the fascicular anatomy presented here suggest that a multicontact flat interfacing nerve cuff electrode can selectively activate each individual fascicular group (i.e., muscle group) without activating any other muscle above threshold [23] .
Although we examined a relatively small number of cadavers, the anatomy and morphology data remain consistent with earlier reports and the fascicular data remain consistent between both cadaver specimens and in vivo measurements. The intercadaver variability was relatively low and did not affect our conclusions. In addition, the presented results in the femoral nerve stayed consistent with and similar to those observed in a similar laborintensive study of the human pudendal nerve where distal nerves are represented as groups of individual fascicles in the compound pudendal nerve and a consistent fascicular orientation was observed between individuals [27] . Therefore, the results of our study are likely representative of the general population.
We expected the in vivo nerve dimensions to be larger than those histologically measured because of the shrinkage that can be anticipated with tissue fixation and processing. We could also expect nerve dimensions to be larger in male subjects, who constituted the individuals undergoing surgical exposure of their femoral nerves, while the cadaveric specimens were female. The processed histological samples in this study, however, were equivalent or larger in size than the nerves measured in vivo. Although we did not find the in vivo dimensions to be statistically lower than the postmortem values, their relative magnitude was contrary to expectations. These results suggest that tissue processing may maintain or actually increase the nerve dimensions derived from histological samples. Quantification of the effects of tissue processing will improve the prediction of nerve cuff electrode dimensions for intraoperative studies and human implants. Alternatively, it is possible that the in vivo data we collected were artificially low because of the peripheral vascular disease that necessitated surgical exposure of the femoral artery to provide access to the femoral nerve. Future studies should consider other techniques, such as quantitative imaging studies, to ascertain in vivo nerve dimensions in nondisabled volunteers age-and sex-matched to the cadaveric specimens.
CONCLUSIONS
In conclusion, this study expands our knowledge of femoral nerve morphology and clearly demonstrates the first evidence that distal nerves are represented as individual fascicles in the compound femoral nerve. The fascicular representation of distal nerves remained consistent with the branching pattern within the compound femoral nerve and reflects the function of the individual distal branches. These data allow for the evaluation of potential surgical access points, locations for nerve anastamoses or stimulating nerve cuff electrodes, and initial evaluation of the feasibility of accessing distal branches at the level of the compound femoral nerve. The femoral nerve anatomy is conducive to selective stimulation with multicontact nerve cuff electrodes. We may also use selective stimulation of the compound femoral nerve to control distal muscles and functions, such as leg extension at the knee joint. The potentially increased selectivity could improve performance of muscle-based electrode designs and provide more complete muscle recruitment. These improvements would be of substantial clinical benefit. Therefore, the results of this study support further development and testing of nerve cuff electrode-based interventions to restore standing function to individuals paralyzed by SCI.
